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General introduction 
 
More and more chemicals are being produced, used, and disposed in our society to 
improve human welfare. Many compounds have been approved to spread and persist to a 
greater extent than first thought in the environment. Nowadays, there are wing concerns for 
potential adverse effects on human and ecological health due to exposure to ese chemicals or 
their degradation products. These potential concerns focus on abnormal physiological 
processes and reproductive impairment, increased incidences of cancer, the development of 
antibiotic-resistant bacteria, and the potential increased toxicity of chemical interaction(1). 
Pesticides are intentionally released to prevent, destroy, repel or mitigate pests. In the 
past, toxicity testing of pesticides has focused on acute effects rather than long-term effects. 
The long-term effects of pesticides include increased cancer risks and disruption of the 
reproductive, immune, endocrine, and nervous systems. For example, two of the most 
commonly used herbicides, atrazine and alachlor, are suspected endocrine disruptors (2). 
Human exposure to pesticides can result from consumption of contaminated food or drinking 
water and breathing polluted air. If pesticides accumulate up the food chain, human exposure 
to these bioaccumulated pesticides will be increased. 
In recent decades, intensive animal production has gotten more widespread both in 
developed and developing countries. Veterinary pharmaceuticals, primarily antibiotics, are 
widely being used as growth promoters or as therapeutical drugs in order to maximize profits 
from factory farming. Many veterinary drugs are poorly adsorbed in the gut of the animal, 
resulting in as much as 30~90% of the parent compound being excreted. In addition, their 
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metabolites can also be bioactive and can be transformed back to the parent compound after 
excretion (11).The huge volume of manure produced is usually stored in lagoons, and then 
applied on agricultural fields as a fertilizer; therefore veterinary pharmaceuticals enter the 
environment possibly together with their metabolites. Excretions from grazing animals, 
factory emission, and inappropriate disposal of contaminated devices are other minor routes 
of entry into the environment (3). The utilization of growth-promoting antibiotics is regarded 
as one of the factors driving the increase in antibiotic resistance in humans. 
Thymol and phenethyl propionate are monoterpenoid pesticides that consist of two 
isoprene units. They are components of essential oils that are widely used as food and 
cosmetic additives and are generally recognized as safe (GRAS) by the Food and Drug 
Administration. Thymol and phenethyl propionate are active ingredients in pesticide products 
registered for use as insecticides, insect and animal repellents, fungicides, medical 
disinfectants, etc. These products are used on a variety of indoor and outdoor sites to control 
target pests including insects, animal pathogenic bacteria and fungi, several viruses, and 
some animals such as birds, mice and deer (4-10). 
Tylosin is a macrolide antibiotic for the treatment of disease and growth promoting in 
food producing animals including cattle, swine, and poultry. Lately tylosin is applied to 
control a wide-spread and devastating honeybee disease- American foulbrood (11). Tylosin 
consists of a mixture of tylosin A, tylosin B, tylosin C, and tylosin D, and about 80~90% of 
the parent compound is composed of tylosin A (12). It has a broad anti-bacterial spectrum 
against gram positive bacteria, some gram negative bacteria, vibrio, spirochete, coccidia, etc. 
It is also one of the first choice drugs against infections by mycoplasma.  
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Understanding the environmental fate and chemistry of a chemical is a critical part of 
risk assessment for protection of the environment and human health. The goal of this study 
was to investigate the environmental fate and chemistry of two pesticides: thymol, phenethyl 
propionate, and a veterinary antibiotic: tylosin in the laboratory. 
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Abstract 
With increasing utilization of various synthetic chemicals, the adverse impacts of 
these chemicals and their degradates is of a concern due to their occurrence in the 
environment. However, for most currently used synthetic chemicals, the fate of their 
degradates are yet to be elucidated. In this article, general processes and principles of 
environmental fate of chemical degradates are illustrated; various influential factors such as 
physiochemical properties of degradates and conditions of the environmental media are 
described; a mass balance approach used to investigate the environmental fate is discussed. 
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Introduction 
Pesticides, pharmaceuticals, cosmetics, food additives and industrial chemicals are 
among the tens of thousands of synthetic chemicals being utilized currently in our society. 
Every chemical we use has the potential to persist in the surroundings, and any degradates 
formed by biotic or abiotic processes are then found in the environment. Synthetic chemicals 
and their degradates have reached almost every corner of the world, with real and potential 
impact on humans, wildlife, and plant life on the earth. Even in the polar regions, traces of 
synthetic chemicals or their degradates, including polychlorinated naphthalenes (PCNs), 
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), 
polychlorinated biphenyls (PCBs), and pesticides (HCB, p,p'DDE), have been found in polar 
organisms such as polar bear from Alaskan Arctic and krill, sharp-spined notothen, crocodile 
icefish, Antarctic silverfish, Adelie penguin, South polar skua, and Weddell seal from the 
Ross Sea, Antarctica(1). It is speculated that these chemicals were transported there by ocean 
currents, atmospheric movement or other animals.  
Compared to their parent compounds, chemical degradates can have longer or shorter 
persistence, greater, equal or less toxicity, and possible interaction with other substances (2, 3, 
4, 5, 6). Therefore, it is critical that parent chemicals and their degradates are all evaluated 
during ecological risk assessments. Although the environmental significance of chemical 
degradates has long been realized since the discovery of the negative environmental impact 
of two DDT degradates (DDE and DDD) decades ago, the fate of degradates of most 
synthetic chemicals are yet to be investigated due to the lack of analytical methods and 
available analytical standards (5, 7). In this article, information available in the literature was 
collected to shed some light on the environmental fate of degradates of synthetic chemicals.  
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Processes 
Once introduced into the environment, a chemical is influenced by many processes, 
which determine its persistence, transport, and ultimate destination. Through abiotic or biotic 
degradation, degradates form in the environment.  The chemical and its degradates can move 
vertically through the soil profile to groundwater and away from the source site with mobile 
groundwater. They also have the potential to reach surface water when they travel laterally 
either as surface runoff or through subsoil tile drains, entering streams, major rivers, 
reservoirs, and ultimately estuaries and oceans. Various microbes, plants, animals and even 
humans might take up and biodegrade the chemicals to some extent. Some compounds move 
into the atmosphere through volatilization, adsorption onto dust, or just as solid particles. The 
possible fate processes for a synthetic chemical and its degradates in the environment are 
illustrated in Figure 1. These processes apply to both parent compounds and their subsequent 
degradates formed in the environment,  although those degradates might not necessarily 
behave in the same way as their parent forms. 
These processes, chemical degradation, biodegradation and photodegradation, affect 
persistence, and other processes, such as binding, plant/animal uptake, volatilization, runoff, 
leaching, all influence the movement of a chemical and its degradates in the environment. 
Chemical degradates can possibly undergo any of the described processes at any point during 
the whole course of the environmental fate of a chemical. For example, trichloroacetic acid 
(TCA) is a major atmospheric degradate formed by photo-oxidation of chlorocarbons, which 
are used in large amounts industrially as solvents and herbicides. TCA has higher polarity 
than chlorocarbons, and can deposit with precipitation as a contaminant in water and soil, and 
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further degrades into carbon dioxides in biota such as microbes and plants (8). In spite of 
formation of different degradates during these processes, most synthetic chemicals are 
ultimately degraded into carbon dioxide, mineral salts, water, and humic substances in the 
environment. 
 
Chemical release
Volatilization
Adsorption
Photodegradation 
Plant uptake 
Pest uptake 
Chemical degradation 
Leaching Biodegradation
Plant removal 
Runoff
Groundwater
Figure 1. Environmental fate processes of a released chemical and its degradates 
 
Transformation  
Transformation is a chemical or biological process of conversion or breakdown of a 
substance. Various terms are used to refer to the chemical intermediate formed in the 
environment, such as transformation products, degradation products or degradates, 
breakdown products, metabolites, daughter compounds, or derivatives (7).  Degradation 
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products or degradates and transformation products are the most widely used terms, and here 
degradates are adopted to describe all intermediate chemical species. 
 
                              Figure 2. Degradation of atrazine in the environment 
(Source: reproduced from ref. 9. Copyright 1993 SETAC) 
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Chemicals are usually degraded via chemical, biological, or physical means through a 
multi-step process in the environment. Figure 2 shows an example of degradation pathways 
of the broadly-used herbicide atrazine (9). Hydrolysis of atrazine to hydoxyatrazine (HYA) is 
the primary abiotic degradation pathway. Dealkylation of atrazine is the main biodegradation 
pathway to form deethylatrazine (DEA), and some species of microorganisms form 
deisopropylatrazine (DIA) by deisopropylation. All intermediate degradates are further 
degraded, and then eventually are mineralized into inorganic compounds such as CO2, H2O 
or NH3 in the environment. Atrazine is one pesticide which has been extensively investigated 
from the perspective of the fate of both the parent compound and its degradates. Therefore, 
atrazine and its degradates are taken as examples in this chapter to elucidate the behavior of 
degradates in the environment.  
 
 
Figure 3. The half-lives of degradates of a range of pesticides in soil are longer than those 
of their parents. (Source: reproduced with permission from ref. 5.) 
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In general, degradates have less persistence in the environment than the parent 
compounds. However, some degradates from a range of chemical classes including certain 
carbamates, triazines, organophosphates and sulfonylureas have often shown more 
persistence than the parent forms (5), as showed in Figure 3. Meanwhile, it was pointed out 
that these observations might be skewed because of biased reports of more persistent 
degradates and limitations of experimental design such as decreased microbial activity in the 
test system (5). Differences between persistence of degradates and their parent compounds 
exist for sure, therefore, case-by-case study of each chemical seems necessary to investigate 
the potential impact of the degradates. 
 
Biodegradation 
In reality, degradates and their parent compounds often coexist in the environment. 
Sometimes the properties of degradates might induce biodegradation due to induction of 
enzymes or inhibit biodegradation due to their toxicity to soil microbes responsible for 
degradation (10).  Enhanced biodegradation is the result of adaptation of a microbial 
community which has been previously exposed to a chemical, and the adapted 
microorganisms subsequently use this chemical as a primary energy or nutrient source (11). 
Whether chemicals are toxic or serving as nutrients, they must be available to microbes to 
exert these actions. Therefore, degradates with low toxicity, high nutritive value, and 
bioavailability may allow microorganisms to thrive, in particular ones that can utilize the 
molecule as a nutritive substrate.  
The presence of chemical degradates has shown rapid degradation of their parent 
compounds (9,12,13,14,15). Repeated application of some pesticides can also accelerate the 
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degradation of the formed degradates in the environment (7), and some such degradates and 
respective parent compounds are listed in Table 1. Carbendazim, 2-aminobenzimidazole, 
methyl isothiocyanate, and desmethyldiphenamid were degraded faster after repeated 
exposure of the respective parent coumpounds-carbendazim, benomyl, diphenamid, and 
metham-sodium (16,17,18,19). DEA degradation was enhanced in soils with long-term 
exposure to atrazine (atrazine-history soil) compared to soils with no atrazine exposure (20). 
 
Table 1. Degradates susceptible to enhanced degradation after soil has been treated with 
their parent compounds 
Degradates Parent compounds References 
2-aminobenzimidazole carbendazim 16 
carbendazim benomyl 17 
methyl isothiocyanate diphenamid 18 
desmethyldiphenamid metham-sodium 19 
deethylatrazine atrazine 20 
 
Photodegradation 
Photodegradation is an important transformation process in the atmosphere, and on 
the soil and water surfaces.  The chemistry and environmental stability of each individual 
photoproduct can be remarkably different from those of the parent compound and other 
degradates (21). Photoproducts are generally less stable to environmental forces and less 
toxic than the parent compound. However, some photodegradates show more toxicity than 
parent compounds (21). For example, a recent investigation of photodegradation products of 
 13
four organophosphorus compounds, azinphos-methyl, chlorpyrifos, malathion and malaoxon 
showed formation of toxic intermediate degradates and further degradation of these toxic 
degradates into non-toxic degradates (22). Photodegradates can form after evaporation of 
parent compounds, or enter the air after formation in soil or in water.  Photoproducts of 
trifluralin were detected in the air, and they arose primarily from the photodegradation of 
trifluralin on the soil surface followed by volatilization (23).  Photodegradates can be further 
degraded by other processes. For example, the photoproduct, photothidiazuron, of the cotton 
defoliant thidiazuron was further degraded biologically into the more water-soluble 
hydroxyphenylphotothidiazuron (24). 
Most photodegradation information comes from photolysis in organic solvents or on 
glass surfaces and/or plant metabolism studies (25). Additional research on photodegradaton 
of degradates in soil and in air is necessary to understand their fate in the environment, 
although conditions of these two environmental media are relatively complicated and 
variable. In the case of soil photolysis, the heterogeneity of soil, together with soil properties 
varying with meteorological conditions, makes photolytic processes difficult to understand. 
In contrast to solution photolysis, where light is attenuated by solid particles, both absorption 
and emission profiles of a pesticide are modified through interaction with soil components 
such as adsorption to clay minerals or solubilization to humic substances. Extensive 
investigations of meteorological effects on soil moisture and temperature, as well as 
development of an elaborate testing chamber controlling these factors, seems to provide 
better conditions for researchers to examine the photodegradation of pesticides on soil under 
conditions similar to the real environment (25).  
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Movement 
Chemicals move away from their initial source sites by various processes in the 
environment. They can initially travel only short distance by diffusion into water and air, but 
can travel longer distances by atmospheric movement, river or ocean current, and migrating 
animals. Synthetic chemicals and degradates have been detected all over the globe in surface 
water, groundwater, precipitation, air, sediment and obviously soil. Studies of streams and 
wells in the Midwestern United States documented the presence of many herbicides and their 
numerous degradates, and antibiotics (26,27). Degradates are detected as often as or more 
frequently than the parent compound (5,28,29,30). The concentrations of some degradates 
are greater than their parent compounds (30), and sometimes only degradates occurred, with 
the parent compound no longer detected (31). An explanation is that degradates, generally, 
have higher polarity and water solubility than parent compounds, which favors transport of 
those degradates with the aqueous flow. More persistence might be another explanation for 
more frequent detection of some degradates than their parent compound. 
 
Leaching 
Water solubility and adsorption to soil are important in determining a degradate’s 
tendency to move through the soil profile with infiltrating water. The change of mobility of 
some degradates has been confirmed. In one study, the mobilities of pesticides and their 
degradates were measured in six different types of soils (32). Mobility was determined by 
measuring the Rf   value on soil thin-layer chromatography plates, and the results are 
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illustrated in Figure 4. Parathion, diazinon, isofenphos, and chlorpyrifos were slightly mobile 
or not mobile in soils, but their degradates were significantly more mobile than the respective 
parent compounds. The mobilities of carbofuran phenol and 2, 4-dichlorophenol were less 
than their parent compounds (carbofuran and 2,4-D). The degradate, 2,4,5-trichlorophenol, 
was as immobile as its parent compound 2,4,5-T. Another study also showed that 
hyroxyatrazine was more strongly bound to the soil than atrazine was, and therefore was less 
likely to leach into ground water (33). 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Ch
lor
py
rifo
s
t-p
yri
din
ol
pa
rat
hio
n
p-n
itro
ph
en
ol
dia
zin
on
hy
dro
xy
py
rim
idi
ne
iso
fen
ph
os
sa
licy
lic 
ac
id
ca
rbo
fur
an
ca
rbo
fur
an
 ph
en
ol
2,4
-D
2,4
-di
ch
lor
op
he
no
l
2,4
,5-
T
2,4
,5-
T-p
he
no
l
M
ob
ili
ty
 (R
f )
 
Degradate 
 
Parent 
Figure 4. Mobility of pesticides and their degradates in soils. Rf values are the average 
from 6 different types of soils. (Ref. 32) 
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Volatilization and atmospheric transport 
Degradates may get into the air by volatilization, or by wind erosion of solid particles 
with adsorbed chemicals, or by direct emissions from industrial or agricultural activities. 
They also can be generated from parent compounds in the atmosphere. Once in the 
atmosphere they can be transported locally or globally. Some degradates have greater vapor 
pressure is one important factor influencing the volatilization of chemicals. The vapor 
pressures of PCCH(r-1,3,4,5,6, pentachlorocyclohexane) and DDE are 14 and 8 times greater 
than parents compounds lindane and DDT, respectively (33,34). Atmospheric chemicals are 
usually removed by photochemically driven reactions and physical depositional processes 
such as particles, fog, rain, and snow. The deposited chemicals can reenter the atmosphere by 
the same mechanism as the original chemicals repeatedly. For example, DDD and DDE, and 
their parent compound DDT can still be detected in air and precipitation even though the uses 
of DDT has been banned for decades in North America (35). More than 20 agricultural 
pesticides have been reported in fog and rainfall in North America and in Europe (36). Most 
of these reported pesticides are parent compounds including carbamates, organchlorines, 
organophosphorus, and herbicides, but also some of their degradates are also detected. The 
triazine degradates, DEA and DIA, were detected in 17.4% and 2.6%, respectively, of the 
analyzed samples. DEA was detected in more than half of the samples containing atrazine, 
and trace concentrations of DEA were found in some samples with no detectable atrazine. 
The ratio of DEA concentrations to atrazine concentrations was greater in rainfall than in 
streams, indicating atmospheric degradation of atrazine occurs although the mechanism is not 
yet clear. Mostly, the end products of atmospheric degradation are CO2, H2O, sulfate and 
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nitrate, depending on the chemical composition of the substances which are subject to the 
degradation processes. 
 
Binding 
Chemicals may attach to soil, vegetation, or other surfaces once they are in the 
environment. Some portions of chemicals are not recoved by conventional extraction 
procedures because these bound or unextractable chemical residues are tightly bound to the 
soil or other solid particles. It is very difficult to differentiate between bound residues of 
parent compounds and their degradates. Concerns about bound pesticide residues in soil have 
been investigated since the late 1960s (37). The exact mechanism of soil-binding and the 
ultimate fate of bound residues and their biological significance are not well understood for 
most chemicals. 
Most soil-bound pesticides are less likely to volatilize or to leach through the soil. They 
are also less easily taken up by plants. In terms of environmental fate, bound residues can be 
significant and may result in the underestimation of chemical half-life. A nine-year outdoor 
study showed that soil residues contained as high as 50%-60% of the initial applied 
radioactivity of 14C-atrazine (38, 39), and some degradates of atrazine persisted for 9 years in 
outdoor conditions (39). Most of the bound residues were the hydroxy analogues of atrazine 
and their dealkylated products.  
A comparison of the sorption potential between degradates and their parent compounds 
showed that about one-third of the degradates have a sorption constant (Koc) of at least an 
order of magnitude lower than that of the corresponding parent compound (5), which is 
illustrated in Figure 5. 
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Figure 5. Sorption constants (Koc) of some pesticides and their degradates 
(Source: reproduced from ref. 5 by permission). 
 
Bioavailability and bioaccumulation  
The lower the bioavailability of a toxicant, the less likely it is to have a toxic effect on an 
organism. The availability of a compound for biodegradation is influenced by the 
compound's location relative to microorganisms and its water solubility. Once absorbed by 
an organism, the chemical may be metabolized and excreted, sequestered internally, or 
accumulated. For example, in order to assess toxicity and bioaccumulation of TNT reduction 
products,  2-amino-4,6-dinitrotoluene (2-ADNT), 4-amino-2,6-dinitrotoluene (4-ADNT), 
2,4-diamino-6-nitrotoluene (2,4-DANT) and 2,6-diamino-4-nitrotoluene (2,6-DANT) were 
tested separately in adult earthworms at different concentrations in a 14-d exposure to 
amended sandy loam forest soil (40). TNT, 4-ADNT, and 2-ADNT were lethal to 
earthworms with a toxicity ranking of 4-ADNT > TNT > 2-ADNT, while 2,4-DANT and to 
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2,6-DANT caused no mortality at tested concentrations. Only TNT degradates were detected 
in earthworms, and their 14-d bioaccumulation factors were 5.1, 6.4, 5.1 and 3.2 for 2-ADNT, 
4-ADNT, 2,4-DANT and 2,6-DANT, respectively (40). 
Limited bioavailability may lead to unexpected persistence of degradates in soil and 
sediment, and longer persistence could lead to accumulation of residues. Whether bound 
pesticide residues in soils are occluded or may remain bioavailable in the long term in the 
environment is still an ongoing debate (37). Generally, soil-bound chemicals are not 
considered bioavailable prior to desorption (41). However, some evidence suggests that 
bound residues can be bioavailable or at least that desorption is not a requisite for 
biodegradation. Bioavailability is considerably lower from bound residues than from freshly-
treated soil. It has been suggested that the uptake ratio of chemicals and their degradates from 
bound residues compared to those from freshly-treated soils was about 1:5 (42). 
 
Factors influencing environmental fate 
The possible environmental fate of chemical degradates are dependent on various factors. 
Once formed under certain conditions, degradates are distributed between four major 
environmental media: air, water/sediment, soil, and biota. Therefore, environmental fate of 
degradates is primarily influenced by the properties of the chemical and conditions of 
environmental media. Differences in fate are clearly due to variance in environmental media 
with different physical, chemical, and biological properties including temperature, soil type, 
light intensity, organic matter, moisture, pH, aeration, and microbial activity. For example, 
mobilities of five atrazine degradates, deethylatrazine, deisopropylatrazine, didealkyatrazine, 
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hydroxyatrazine and ammeline, were negatively correlated with soil organic matter content 
and positively correlated with sand content (43). 
The difference between environmental fate of degradates compared to parent compounds 
is mostly due to the different properties of degradates formed. These important properties 
include half-life, soil sorption coefficient, water solubility, and vapor pressure. Some changes 
for the properties of atrazine degradates are listed in Table 2. Generally speaking, persistent 
degradates are often subject to long-range transport, which might lead to widespread 
contamination. Water-soluble degradates more easily run off with rainwater, or leach through 
the soil as a potential groundwater contaminant. If a degradate has high soil sorption 
coefficient, it usually tends to bind to soil and also settle to the sediment in a water system. 
Degradates with high vapor pressure are more likely to evaporate into the atmosphere.  
 
Table 2.  Properties of atrazine and its selected degradates 
Compounds Water 
solubility 
(mg/L)(44) 
Log Kow 
(44) 
Vapor 
pressure(
mPa) 
DT50 
(days) 
Atrazine 30 2.2-2.8 0.04 41-231(9) 
Desethylatrazine 3200 1.5 12.44 19-186(35) 
Deisopropylatrazine 670 1.1-1.2  32-173(9) 
Desethyldesisopropylatrazine 600 0.32   
Hydroxyatrazine 5.9 1.4  32-188(35) 
Hydroxydesethylatrazine 26.7 0.2   
Hydroxydesisopropylatrazine 22 -0.1   
Cyanuric acid 5000    
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Chiral degradates can be formed from chiral or achiral parent compounds in the 
environment. Enantiomers are generally considered to have identical physiochemical 
properties, therefore, their abiotic environmetal processes have no difference for both 
steroisomers (45). However, biodegradation processes can be different based on their 
different biological or toxicological effects. Overall, enantiomers might have different 
persistence due to chirality in the environment. For example, degradates of PCBs can be 
chiral such as hydroxylated PCBs and PCB methyl sulfones. The environmental chemistry 
and toxicity of hydroxylated PCBs and PCB methyl sulfones have been recently reviewed 
(46). 
Laboratory investigation of degradates in the environment is very costly, time 
consuming and often incomplete. Recently, several computer software packages have been 
developed to predict biotransformation and nonbiological transformation such as 
photochemical and chemical degradation. For example, a tissue metabolism simulator 
(TIMES) utilizes a heuristic algorithm to generate plausible metabolic maps from a 
comprehensive library of biotransformation and abiotic reactions, and estimates for system-
specific transformation probabilities (47). Expert judgment is allowed to integrate in TIMES 
to automatically invoke hydrolysis and many other abiotic reactions, which complete many 
metabolic pathways. While computer software can suggest possibilities by incorporating 
various influencing factors, they will not completely replace laboratory experiments. 
 
Mass Balance and Environmental Fate 
 Some of the important laboratory experiments include mass balance-type studies, in 
which the fate of the entirety of a parent compound is modeled in an environmental system, 
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such as a microcosm.  Use of a radiolabeled parent compound makes this type of experiment 
more feasible.  Unfortunately, the cost of obtaining and working with a radiolabeled 
chemical is what drives up the expense of these studies.  However, the data obtained from 
such studies are invaluable.  The types of radiolabels often used in environmental fate studies 
of contaminants include 14C, 35S, 36Cl, and 3H, to name a few. 
 To study the fate of a contaminant in its entirety, i.e. including mineralization, 
volatilization, partitioning, 14C labeling is often quite useful.  For example, uniform 14C 
labeling of the 3 carbons in the triazine ring of atrazine with 14C, allows for quantification of 
mineralization, the degradation of the ring to CO2 and NH3 (Fig. 2).  This could occur 
through a soil incubation study that includes traps for CO2 containing NaOH.  Use of 
radiolabel may also allow for quantification of bound residues, via combustion of soil, 
sediment, or biotic tissue (e.g.-plant material) after those matrices have been extracted.  
Analysis of solvent extracts of soil, sediment, or tissues at the conclusion of a study 
timepoint can lead to the identification and quantification of key degradates.  Methods for 
such analysis could involve the use of high performance liquid chromatography (HPLC) with 
radiodetector.  Finally, combustion of extracted soils, sediments, or tissues will account for 
any bound residues not recovered during the extraction process; a sample oxidizer is often 
used to accomplish this objective.  Bound residues may serve as a source of parent 
contaminant or degradates following desorption, from sediment for example, at a later date. 
 The benefits of a mass balance approach to environmental fate include the ability to 
trace all aspects of the fate of a contaminant in the environment, including volatilization, 
uptake, biological or chemical degradation, mineralization, and binding, as outlined in Figure 
1.  A mass balance approach also allows the opportunity to identify metabolites using 
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radiodetection.  Identification of degradates using HPLC with UV detection may not yield 
information regarding the chemical structure of the degradate; however, that data coupled 
with radiodetection and knowledge of the position of the radiolabel in the parent contaminant 
provides evidence for elucidating the identification of a degradate.  A few examples of 
environmental fate experiments employing a mass balance approach include Henderson and 
colleagues (2007a&b) and Orchard and colleagues (2000) (48,49,50). 
 
Conclusion 
The release of synthetic chemicals in the environment may be followed by a very 
complex series of processes which can transport the chemical and degradates through the air 
or water, into the ground or even into living organisms. Degradates of polycyclic aromatic 
hydrocarbons, non-ionic surfactants, musk fragrances, fluorinated alkanes, and 
polybrominated flame retardants may be of concern in the environment (5). There are 
significant gaps in the knowledge of environmental fate of chemical degradates. Investigation 
of fate of degradates is more difficult than parent compounds for a number of reasons. 
Degradates are generally present at a much lower concentrations in the environment, and 
often they require more extensive and rigorous process and cleanup prior to reliable analysis 
by chemical methods. Analytical standards are usually not commercially available for 
degradates, and in immunochemical methods often show cross-reactivity with metabolites, 
but at different intensities, which can produce confusing results. Interaction of degradates 
with their parent compounds or other substances make it more difficult to investigate their 
possible fates in the environment. 
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Generally, degradates and parent compounds co-exist in the environment. They may 
follow the same fate processes, but they can also have their unique processes due to their 
different physiochemical properties. With applications of intricate appropriate analytical 
instrumentation, new sampling or preparation methods, synthesized analytical standards, and 
new separation techniques,  we are understanding more and more about the  environmental 
fate and effects of degradates of synthetic chemicals. 
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ABSTRACT 
The fate of two natural monoterpenoid pesticides, thymol and phenethyl propionate, 
was investigated at a concentration of 10 µg/g in water and in soil under laboratory 
conditions. Both thymol and phenethyl propionate degraded rapidly with half-lives of 4 ~ 16 
days. 2-Phenylethanol and 2-(4-hydroxyphenyl) ethanol were detected as primary 
degradation products of phenethyl propionate. Over time, a considerable volatilization loss of 
thymol, but not phenethyl propionate, was found in the one-month study under the 
experimental conditions. The average radioactivity of bound residues for both chemicals 
remained below 6%, and mineralization was less than 3% during the whole experimental 
period. 
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1 INTRODUCTION     
Thymol and phenethyl propionate (PEP) are active ingredients in pesticide products 
registered for use as insecticides, insect and animal repellents, fungicides, medical 
disinfectants, etc. These products are used on a variety of indoor and outdoor sites to control 
target pests including insects, animal pathogenic bacteria and fungi, several viruses, and 
some vertebrate animals such as birds, mice and deer (1-7). Products are often liquids applied 
by spray, mop, brush-on, wipe-on, dip, aerosol, immersion and spot treatment. Thymol and 
PEP also have many non-pesticidal uses, including use in perfumes, food flavorings, 
mouthwashes, pharmaceutical preparations and cosmetics (8, 9). However, studies on the 
environmental fate of thymol and PEP have not been reported in literature so far.  
In this study, the fate of thymol and PEP in pond water and agronomic soil was 
investigated to determine the dissipation half-life (DT50) and to determine the identity and 
quantity of degradation products that form in water or soil. Volatilization, mineralization and 
bound residues in soil were also tracked for these two natural insecticides.  
 
2 MATERIALS AND METHODS  
2.1 Chemicals and reagents 
3H-thymol and 3H-phenethyl propionate were purchased from PerkinElmer Life 
Sciences and Analytical Sciences. (Boston, MA, USA). The tritium-labeled position in each 
of the two compounds is shown in Figure 1. Analytical standards of thymol, phenethyl 
propionate, 2-phenylethanol, 2-(4-hydroxyphenyl) ethanol were purchased from Lancaster 
Synthesis, Inc. (Pelham, NH, USA).  Methanol was purchased from Fisher Scientific (Fair 
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Lawn, New Jersey, USA). Solvents used for extraction and chromatographic analysis were 
analytical reagent grade or better. Monophase® S scintillation cocktails were purchased from 
PerkinElmer Life and Analytical Sciences (Boston, MA, USA). 
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Figure 1. Label positions of 3H-thymol and 3H-phenethyl propionate. Asterisks(*) 
denote the position of 3H labels. 
 
2.2 Water metabolism study  
Pond water was collected from the Iowa State University Horticulture Farm pond 
(Ames, IA, USA). The pH of the water was 7.3,  the alkalinity was 91 mg/ml, and the total 
hardness was 182 mg/ml. Pond water (100 ml) was kept in French square bottles and spiked 
with 3H-thymol or 3H-PEP in 300 µl of acetone carrier solvent to result in a concentration of 
10 µg/ml in the pond water. The samples were incubated in dark and in light separately, and 
were maintained at a constant temperature of 25 ± 2 oC throughout the study in the 
environmental chamber. Aluminum foil wrapping was used to prevent “dark” incubations 
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from having exposure to light. Samples were taken at days 0, 0.25, 0.5, 1, 3, 7, 14, 21 and 30 
post-treatment. 
2.3 Soil metabolism study  
Soil was collected at the Iowa State University Agronomy and Agricultural 
Engineering Research Farm near Ames, Iowa (from Field 55). The soil contained 1.6% 
organic matter, 60% sand, 22% silt, 18% clay, and pH 7.0. Soil (50g) was kept in a 250-ml 
French square bottle, and soil moisture content was adjusted to 75% of 1/3 bar moisture. The 
temperature was maintained at 25 ± 2  oC. Soil samples were treated with 3H-thymol and 3H-
PEP in methanol at 10 µg/g. Bottles were sealed with Teflon® caps. Polyurethane foam was 
suspended above the treated soils inside each bottle to capture volatile compounds. 
Polyurethane foam was changed biweekly. 1.5g of Drierite® (anhydrous calcium sulfate) was 
used to trap tritium H2O in the air in the container.  Drierite was changed when it turned pink. 
Soil sampling times were at pre-treatment, at 1, 3, 7, 14, and 30 days post-treatment.  
2.4 Analytical analysis 
Quantitative analysis of thymol or PEP was performed using a Hewlett-Packard (Palo 
Alto, CA, USA) series 1100 HPLC system with a quaternary pump, an autosampler, a 
thermostatted column compartment, and a Spectroflow 757 absorbance detector (ABI 
Analytical, Kratos Division, Ramsey, NJ, USA). Data were collected and analyzed using HP 
Chemstation system software (REV. A.04.01). An Alltech Adsorbosphere® (Deerfield, IL, 
USA) C18 column (4.6×250 mm, 5-µm particle size) was used. Detection was conducted at 
270 nm with a flow rate of 1.0 ml/min at room temperature. The mobile phase was 
methanol/distilled water (70:30, v/v).  
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Soil samples (50 g) were extracted with methanol/distilled water (95:5) three times, 
and the resulting extracts were pooled. Filtered samples were directly injected for HPLC 
analysis. HPLC fractions were collected for liquid scintillation counting (LSC). Drierite and 
polyurethane foam were thoroughly extracted with methanol, and the resulting extracts were 
subjected to LSC to measure trapped radioactivity.  Non-extractable radioactive residues in 
soil were measured by soil combustion using a Packard sample oxidizer. A 0.5-g soil sample 
was incorporated into a cellulose pellet, and three replications were performed for each 
treatment. 
Statistical analysis 
 Dissipation rates of thymol and PEP were calculated using first-order open models. A 
student’s t-test was used to compare dissipation rates of thymol and PEP in light and in dark 
from the water dissipation studies. 
 
3 RESULTS AND DISCUSSION 
Thymol, PEP, and related degradation products were quantified by a HPLC method 
coupled with LSC; typical chromatograms are shown in Figure 2. Thymol, PEP, and two 
degradation products of PEP were separated with little background interference. Recoveries 
of 3H-thymol and 3H-PEP from soil were more than 90% as determined spike-recovery 
experiments at the initial time point.  
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Figure 2.  Chromatograms of thymol, PEP and PEP’s primary degradation products 
 a. PEP       b. 2-(4-Hydroxyphenyl) ethanol          c. 2-Phenylethanol     d. Thymol 
 
No significant difference in dissipation rates was found for either thymol or PEP in 
the dark or in the light. Therefore, the data were pooled to result in the dissipation profiles 
which are shown in the Figure 3. Dissipation of thymol in water was rapid, with a DT 50 of 
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16 days. A loss of 65% of total radioactivity indicated the volatility for thymol from water in 
one month. No major degradation products of thymol were detected. 
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Figure 3. Dissipation profiles of thymol and phenethyl propionate in water (n=8) 
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Dissipation of PEP in water was very rapid with a DT 50 of 5 days. Volatility loss 
was negligible in one month with mass balance from 96% to 100%. As illustrated in Figure 
4, the primary degradation product was 2-phenylethanol, which was produced from ester 
hydrolysis of phenethyl propionate; another degradation product was 2-(4-hydroxyphenyl) 
ethanol, which was probably a biotransformation product of 2-phenylethanol in microbes. 
This is evidenced by coincidence of increase of the latter and decrease of the former while 
the overall mass balance remained constant. Whether the formation of 2-(4-hydroxyphenyl) 
ethanol is due to biotransformation of PEP or of 2-phenylethanol is unclear, and further 
studies would be required to determine the detailed degradation pathway. 
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         Figure 4. Proposed degradation pathway of phenethyl propionate 
 
Dissipation profiles of thymol and phenethyl propionate in soil were illustrated in 
Figure 5. The DT 50 of thymol was 5 days, and cumulative volatilization in one month 
reached 26%. The overall mass balance ranged from 86% to 100% of the applied 
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radioactivity. The evolved 3H2O remained consistently less than 1% throughout the study 
period, indicating that little or no mineralization occurred. The average radioactivity as 
bound residues remained below 3% in one month. 
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Figure 5. Dissipation profiles of thymol and phenethyl propionate in soil (n=4). 
Volatilization and mineralization values are cumulative. 
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The dissipation profile of PEP in soil was similar to that in water. PEP had a 
dissipation half-life of 4 days in soil. 2-Phenylethanol and 2-(4-hydroxyphenyl) ethanol were 
also detected, as in the water. 2-Phenylethanol reached the maximal concentration in 1 week 
both in water and in soil; however, the peak in soil was 36% of total radioactivity compared 
to 74% of total radioactivity in water.  The formation of 2-(4-hydroxyphenyl) ethanol was 
also less in soil than in water. The average radioactivity as bound residues remained below 
6%, and mineralization was less than 3%.  
Aerobic degradation studies of selected monoterpernes were conducted by Misra et 
al. (10). Four monoterpene hydrocarbons (d-limonene, α-pinene, γ-terpinene, and 
terpinolene) and four monoterpene alcohols (arbanol, linalool, plinol, and α-terpinolene) 
were assessed their botransformation potential, indicating that most monoterpenes except 
plinol and arbanol degraded rapidly in about 30h. They also concluded that biodegradation 
was the primary process resulting in the disappearance of monoterpenes. However, their 
conclusions may not apply to the real environment conditions because of their use of culture 
media inoculated with soil extracts rather than environmental matrices such as water and 
soils, and that design could promote enhanced microbial activities due to rich provide of 
oxygen and nutrients. Different experimental set-ups might account for slower degradation 
and lower mineralization in our study, although other factors such as different soil and 
chemical properties cannot be ruled out.  
In conclusion, thymol and phenethyl propionate dissipate rapidly in water and in soil 
under aerobic conditions. The primary degradation products of phenethyl propionate are 2-
phennyl ethanol and 2-(4-hydroxyphenyl) ethanol. Bound 3H residues formed in soil were 
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not considerable. Thymol is much more volatile than PEP from applied soil and water in the 
experimental period. Slight mineralization was observed for thymol and PEP. 
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Abstract  
Veterinary antibiotics enter the environment through the application of organic fertilizers to 
cropland. In this study, the aerobic degradation of tylosin, a widely used antibiotic in the 
production of livestock and poultry, was conducted in water and in soil in an effort to further 
investigate its environmental fate. Tylosin is a macrolide antibiotic, which consists of four 
factors (A, B, C, D). Water and soil were sampled at selected times and analyzed for tylosin 
and its degradation products by high performance liquid chromatography (HPLC), with 
product identification confirmed by HPLC-mass spectrometry (MS). Tylosin A is degraded 
with a half-life of 200 d in the light in water, and the total loss of tylosin A in the dark is 6% 
of the initial spiked amount during the experimental period. Tylosin C and D are relatively 
stable except in ultrapure water in the light. Slight increases of tylosin B after two months 
and formation of two photoreaction isomers of tylosin A were observed under exposure to 
light. However, tylosin would probably degrade faster if the experimental containers did not 
prevent UV transmission. In soil tylosin A has a dissipation half-life of 7 d, and tylosin D is 
slightly more stable, with a dissipation half-life of 8 d in unsterilized and sterilized soil. 
Sorption and abiotic degradation are the major factors influencing the loss of tylosin in the 
environment, and no biotic degradation was observed at the test concentration either in pond 
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water or in an agronomic soil, as determined by comparing dissipation profiles in sterilized 
and unsterilized conditions.  
Keywords: Aerobic degradation, Photolysis, Tylosin, Water, Soil 
 
Introduction 
 Antibiotics are widely used at sub-therapeutic levels to prevent diseases and promote 
growth in livestock and poultry. After administration, up to 90% of drugs can be excreted in 
feces and urine as metabolites or in the parent form. Through the application of manure as 
organic fertilizers to farmland, veterinary antibiotics enter into the environment and their 
degradation products may form to some extent. These substances can adsorb to soils, leach 
into ground water, or run off to surface water. Rotational crops, nontarget organisms, and 
humans are exposed to these potentially harmful substances. The production or maintenance 
of bacterial resistance is a major concern on the presence of antibiotic in the environment. 
Several recent review papers have reported on the awareness and concerns over the 
environmental fate and effects of antibiotics [1-5]. 
Tylosin is a widely used macrolide antibiotic for therapeutics and growth promotion 
in swine, beef cattle and poultry production. The nucleus is a 16-member macrolide ring with 
three sugars attached. It only has registrations for animal uses, although erythromycin with a 
14-member macrolide ring has both human and animal applications. Tylosin is produced by 
fermentation, and formulated products are a mixture of tylosin A, tylosin B, tylosin C and 
tylosin D, with tylosin A being the major component, comprising not less than 80% of the 
technical grade tylosin [6]. A recent study showed that the degradation of tylosin in lagoons 
is not complete, and the residues will enter agricultural fields [7], and tylosin-resistant 
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bacteria were isolated from cornfields to which swine and chicken manure had been 
historically applied [8] although there are some different opinions about the environmental 
fate of tylosin [9-11]. A national reconnaissance reported that tylosin occurred in 13.5% of 
104 selected United States stream sites [12]. Since tylosin and some related transformation 
products have been shown to have biological activity [11], it is important to focus attention 
on the fate of tylosin and its degradation products.  In order to further understand the 
environmental fate of tylosin, the dissipation of tylosin in sterilized pond water, unsterilized 
pond water and ultrapure water in the light and in the dark, and in unsterilized soil and 
sterilized soil was investigated under laboratory conditions in this study.  
 
MATERIALS AND METHODS 
Chemicals 
Tylosin tartrate (95.0%, Chemical Abstract Service 74610-55-2) was purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Acetonitrile and ammonium acetate were 
purchased from Fisher Scientific (Fair Lawn, NJ, USA). All reagents used during extraction 
and analysis were analytical reagent grade or better. 
Water dissipation study 
Pond water was collected from the Iowa State University Horticulture Farm Pond 
(Ames, IA, USA). The pH of the water is 8.1, the alkalinity is 103 mg/ml, and the total 
hardness is 190 mg/ml. Sterilized pond water was prepared by autoclaving it at 121 °C for 30 
min three times at 24-h intervals. Tylosin was added at a concentration of 50 µg/ml in 
unsterilized pond water, sterilized pond water and ultrapure water in French square bottles 
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with perforated lids for maintenance of an aerobic condition. Samples were taken at days 0, 
1, 3, 5, 7, 10, 14, 21, and 30, 60, 180 post-treatment. 
Soil dissipation study 
Soil was collected from an agricultural field at the Iowa State University Agronomy 
and Agricultural Engineering Research Farm, near Ames, Iowa (from Field 55). The soil was 
classified as a sandy loam, a Nicollet-Webster complex with 1.6% organic matter, 60% sand, 
22% silt, 18% clay and pH 7.0. Soil samples (50 g), after passing through a No. 10 stainless 
steel sieve, were transferred to 250-ml French square glass bottles, and the sterilized soil was 
prepared by autoclaving at 121 °C for 30 min on three consecutive days. The soil moisture 
was adjusted to the field capacity water content (1/3 bar) using ultrapure water. Each bottle 
was weighed every week, and ultrapure water was added, as necessary to maintain the soil 
moisture throughout the study. The soil was spiked with 50 µg/g tylosin for this study. 
Samples were taken at days 0, 0.25, 0.5, 1, 3, 5, 7, 10, 14 and 21 and 30 post-treatment. 
Photolysis condition 
Tylosin samples were exposed to natural light at Ames, Iowa (42.01° N, 93.97° W) 
between April 15 and October 15 of 2005 in 250-ml French square bottles. For the dark 
experiments, samples were kept in the same conditions but were protected from light by 
covering the bottles with aluminum foil. All samples were maintained at a constant 
temperature of 25 ± 2 oC with 12:12 light: dark cycle. 
Analytical methods 
Quantitative analysis of tylosin and its related compounds was achieved by a reverse-
phase HPLC method modified from a previous method [7]. Analysis of the samples was 
performed using a Hewlett-Packard (Palo Alto, CA, USA) series 1100 HPLC system with a 
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quaternary pump, an autosampler, a thermostatted column compartment, and a Spectroflow 
757 absorbance detector (ABI Analytical, Kratos Division, Ramsey, NJ, USA). Data were 
collected and analyzed using HP Chemstation system software (REV. A.04.01). A Waters 
AtlantisTM (Milford, MA, USA)  dC18 column (4.6×250 mm, 5-µm particle size) was used. 
Detection was conducted at 290nm, with a flow rate of 1.0 ml/min at room temperature. The 
mobile phases consisted of acetonitrile and 20 mM ammonium acetate (35:65, v/v, pH=6.0). 
The same ultraviolet-response capability of all tylosin-related compounds is assumed in this 
study because of lack of standards except for tylosin A. 
Soil samples (20g) were extracted with sodium phosphate buffer (pH 3.2; 0.2M) : 
acetonitrile (15:85,v/v) three times. The resulting extracts were pooled and concentrated 
under a nitrogen flow. Oasis hydrophilic-lipophilic balance (HLB) cartridges (6 cc) (Waters, 
Milford, MA, USA) were used to clean up the concentrated extract. The cartridges were 
conditioned with 5 ml acetonitrile followed by 5 ml ultrapure water before loading the 
samples. After the cartridge was washed with 4 ml of 2% acetonitrile, tylosin was eluted with 
4 ml acetonitrile. The tylosin-containing eluate was dried down completely under a nitrogen 
flow at room temperature and reconstituted in the HPLC mobile phase for detection. Filtered 
water samples were directly injected for HPLC analysis. In order to prevent 
photodegradation, all samples were analyzed in the dark. 
Mass Spectral Analysis 
Tylosin tartrate (300 µg/ml) in ultrapure water was kept on the benchtop at room 
temperature (25 ± 2 oC )  for three weeks. Tylosin solution was dried and redissolved with 
200 µl ultrapure water for HPLC/MS. The HPLC conditions used were the same as described 
above. Positive and negative electrospray ionization (ESI) was performed on a Finnigan 
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TSQ700 triple quadrupole mass spectrometer (Finnigan MAT, San Jose, CA, USA) fitted 
with a Finnigan ESI interface. Samples were introduced into the electrospray interface 
through an untreated fused-silica capillary column with a 50-µm inner diameter (i.d.) and a 
190-µm outer diameter (o.d). Full scan mass spectra were acquired over a range of m/z 150 to 
2000 to identify the mass of the individual components. 
 Data analysis 
All data were analyzed by analysis of variance (ANOVA) and least significant 
difference (LSD). The criterion for statistical significance was set at the p <0.05 level.  The 
degradation half-lives (DT 50) of tylosin A or its related compounds were calculated using 
linear first-order decay kinetics. Equation 1 describes the dissipation kinetics, and Equation 2 
is used to calculate DT50,  
Ct = Co × e(− kt )   (1) 
kDT /693.050 =   (2) 
where Co and Ct are the concentration of analytes at time 0 and time t (days), and k is a first-
order rate constant determined as the slope value from test substance dissipation curves. 
 
RESULTS AND DISCUSSION 
Identification by HPLC/MS 
The separation of tylosin and its related compounds was accomplished using the 
described HPLC-UV method. Because of lack of standards, the peaks of tylosin-related 
compounds were identified by their mass-to-charge ratios using HPLC-MS, and the main 
ions detected were listed in Table 1. Tylosin A, the original major component, presented 
characteristic m/z ions at 917 (100) [M+H]+, and two isomers of tylosin A showed the same 
m/z ions. The two isomers of tylosin A proved to be photoreaction products in the water 
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dissipation study. Tylosin B presented ions at m/z 773 [M+H]+ (100), m/z 790 [M+NH4]+ 
(30) and m/z 742 [M-C7H13O4+H]+ (6)]. Ions at 903 [M+H]+ (100) and 742 [M-C7H13O4+H]+ 
(6) for tylosin C and 919 [M+H]+ (100) for tylosin D were detected on HPLC-MS.  For 
tylosin A associated with NH4+, the main ions formed were at m/z 935 [M+H]+ (100) and m/z 
917 [M-NH4+H]+ (70). The mobile phase used for HPLC-MS contained NH4+, which 
explains the presence of some ions adducted with a unit with a molecular mass of 18. 
 
Table 1. Mass spectral characterization of tylosin-related compounds and corresponding 
retention times on high-performance liquid chromatography 
Tylosin-related 
 
compounds 
Retention time
(min) 
Molecular 
weight 
Characteristic ions 
(m/z) 
Tylosin B 6.1 772 
773 [M+H]+ (100) 
790 [M+NH4]+ (30) 
742 [M-C7H13O4+H]+ (6) 
Tylosin A (NH4+) 10.1 934 
935 [M+H]+ (100) 
917 [M-NH4+H] + (70) 
Tylosin C 15.5 902 903 [M+H]
+
  (100) 
742 [M-C7H13O4+H]+ (6) 
Tylosin D 19.2 918 919 [M+H]+ (100) 
Tylosin A 26.0 916 917 [M+H]+ (100) 
Iso tylosin 1 31.6 916 917 [M+H]+ (100) 
Iso tylosin 2 34.6 916 917 [M+H]+ (100) 
 
Dissipation profile in water 
The concentration change of tylosin A and its related compounds over the time is 
illustrated in Fig. 1. The graphs of tylosin C and tylosin D dissipation are not included. A 
one-compartment first-order degradation model was used to calculate dissipation half-lives 
for various experimental conditions in this study. Since there was no statistical significance 
found between the dissipation rates of tylosin A among three treatments in the dark or the 
three treatments in the light for a six-month experimental period, dissipation data were 
pooled in the light and in the dark, respectively, for calculation of DT 50 values. 
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Figure 1.   Dissipation of tylosin and appearance of photo-reaction products at 25oC in water 
over 6 months (n=4).  Ultrapure water and light;  Ultrapure water and dark;  Pond water 
and light;  Pond water and dark;  Sterilized pond water and light;  Sterilized pond water 
and dark. 
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Tylosin A dissipated with a half-life of 200 days for the mean of the three types of 
water in the light, and tylosin A was stable in the dark in all three types of water with the loss 
of 6% initial spiked amount. Tylosin A is stable in the water during the six-month study, 
compared to the reported half-life of tylosin A (< 2 d) in the aqueous phase in manure [6]. 
This difference might be explained by sorption to solid particulates or biodegradation in the 
manure-containing test system. The containers used in this study also could be a factor which 
influenced the photolysis and dissipation of tylosin, because the glass of the French square 
bottles attenuates ultraviolet light below 360 nm, while natural light includes wavelengths 
that extend down to 290 nm. From the UV spectrum of tylosin A (Fig. 2), we can see the 
maximal response at 290 nm which is, however, prevented by the glass bottles used in this 
study. Therefore, the dissipation rate in outdoor sunlight would probably be higher than 
observed in this experiment.  
 
 
Figure 2. UV spectrum of tylosin A 
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Concentrations of tylosin B in sterilized or unsterilized pond water had increased by 
two months post-treatment, while it maintained a relatively stable concentraation in ultrapure 
water. This difference in pond water and ultrapure water might be explained by different 
ionic strengths in these solutions. One study showed that ionic strength has a negative 
influence on the stability of tylosin [13]. A great increase of tylosin B in light than in dark in 
pond water indicates that light exposure might facilitate tylosin B formation. Tylosin C and 
D showed decreases in concentration only in the ultrapure water in the light, and they were 
relatively stable under other conditions.  
Two photo-isomers of tylosin A were found in ultrapure water and in pond water 
exposed to the light. One appeared rapidly within 24h and the other after two weeks. Paesen 
et al. also isolated one isomer of tylosin A, isotylosin A, which had formed through 
isomerization of the double bond between C12 and C13 under the influence of light [14]. The 
isomer configuration (E,Z) was proven to be the favored one in aqueous solution. In the 
current study, the major photo-reaction product, labeled isotylosin 2, probably is the (E,Z) 
isotylosin A. The actual configurations of isotylosin 1 and isotylosin 2 are in the process of 
being elucidated through 13C-Nuclear Magnetic Resonance (NMR) and 1H-NMR in our lab. 
One more polar degradation product was observed in pond water compared to ultrapure 
water. It was detected at 5 min on the HPLC chromatography trace, and the concentration 
increased over the time. 
No evidence of biotic degradation was observed when the results of dissipation 
profiles in sterilized pond water and unsterilized pond water were compared. In manure-
containing systems, rapid loss of tylosin in the aqueous phase has been reported under both 
aerobic and methanogenic conditions [6]. They concluded that the loss of tylosin was caused 
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by a combination of sorption, abiotic degradation and biodegradation. No evidence of 
biodegradation contribution was found in our study; the difference might be due to their 
lower test concentration (25 mg/L) and a higher level of microbial activity in their test 
system. One biodegradation study showed that tylosin at 30 µg/ml completely inhibited 
biodegradation, but it occurred to some extent at concentrations of 1 to 100 µg/L [15]. 
However, since it is difficult to maintain sterile conditions during the whole study period, 
metabolism by some phototropic bacteria could have led to degradation in all light samples 
but allowed for relative stability in dark samples, as was observed in this study. This 
mechanism could be clarified by monitoring sterility of water solutions over the study period; 
such monitoring was not conducted in this study. 
Dissipation profile in soil 
The concentration change of tylosin A and its related compounds in soil over the time 
is illustrated in Fig. 3. No statistically significant difference was found between dissipation in 
sterilized and unsterilized soils for both tylosin A and tylosin D. Therefore, sterilized and 
unsterilized data were pooled to calculate DT 50.  Tylosin A dissipated in soil with 
dissipation half-life of 7 d, and tylosin D was slightly more stable than tylosin A with a 
dissipation half-life of 8 d in unsterilized and sterilized soil. The concentration of tylosin C 
increased slightly within the experimental period in unsterilized and sterilized soil, indicating 
that abiotic transformation of tylosin A happens in the soil. Tylosin B was not detectable in 
the soil dissipation experiment due to indigenous interfering substances in soil, while it was 
easily quantified in the water dissipation study. 
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Figure 3. Dissipation of tylosin and its related compounds at 25oC in soil over one month 
(n=4).  Unsterilized;  Sterilized. 
  
 55
Evidence of sorption of tylosin to soil was found, since only 80.3% of total spiked 
tylosin was recovered at day 0. Strong tylosin sorption has been reported in previous studies, 
and it seems to be positively correlated with the soils’ clay content [10, 16, 17]. Therefore, 
sorption plays an important role in the loss of tylosin in soil as well as transformation so that 
the DT 50 is much shorter in soil than in water. The persistence and effects of bound tylosin 
in the environment are still unknown; run-off of soil particles into aquatic systems could 
transport bound tylosin residues to those bodies of water. 
 No statistical significance was found for dissipation rates between unsterilized and 
sterilized soil, indicating that the dissipation was not due to biodegradation at the 
concentration 50 µg/g of tylosin in soil. This result is in agreement with the finding in the 
water dissipation study. The reason for the lack of biodegradation is probably the same as 
that above for results of the water dissipation study. Tylosin has been shown to be active 
against most Gram-positive bacteria and mycoplasmas tested in vitro. Biodegradation has 
previously been reported at lower concentrations of tylosin [7, 18]. In conclusion, the loss of 
tylosin in this study was attributed to sorption to the soil and abiotic transformation, 
including isomerization and degradation.  
Proposed degradation pathway 
The dissipation of tylosin in water and soil under aerobic conditions was investigated 
in an effort to assess its overall environmental fate. By combining published literature on 
environmental fate with our results, some possible degradation pathways are proposed and 
illustrated in Fig. 4. Tylosin B forms through cleavage of the mycarose sugar which is 
favored in an acidic condition [6, 12] and the light might also facilitate this reaction in water. 
Tylosin aldol and some unidentified polar degradation products are formed in neutral and 
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alkaline conditions [12]. Tylosin D was found in manure-containing test systems [6, 7], and 
bacterial metabolism might be involved in this transformation. Tylosin D is the major 
metabolite in swine and rat (Lilly research Laboratories, Greenfield, Indiana, USA). Our 
study showed that tylosin C may be formed through abiotic transformation in soil. Under 
exposure to light, at least two photo-reaction products were observed. In our study, tylosin A 
associated with NH4+ was detected from analyses of both water and soil, however, it is not 
clear whether it is formed in water and soil or during sample analysis since the mobile phase 
used in this study contains ammonium acetate. Other studies have shown that these 
degradation products would be further degraded or eventually mineralized [7, 18].  
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Figure 4. Proposed degradation pathways of tylosin in the environment 
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Abstract 
Two photo-reaction products in water were identified as isotylosin A alcohol (E,Z) 
and isotylosin A aldol (E,Z). Tylosin A, B,C, D, isotylosin A alcohol and isotylosin A aldol 
were purified, and immunological cross-reactivity of these tylosin-related compounds was 
tested with a specificity of 26% for tylosin B, 19% for tylosin C, 106% for tylosin D, 121% 
for isotylosin A alcohol and 46% for isotylosin A aldol compared to 100% for tylosin A. 
Competitive direct enzyme-linked immunosorbent assay (ELISA) for tylosin detection in 
water was compared with a high performance liquid chromatography (HPLC) method by 
measuring the same water samples of tylosin from a water dissipation study. ELISA kits 
detect the other tylosin-related compounds besides tylosin A, which results in difference of 
tylosin determination in water.   
 
Keywords: Identification, Tylosin, ELISA, HPLC 
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INTRODUCTION 
The macrolide veterinary antibiotic tylosin is naturally produced as a mixture of 
tylosin A, tylosin B, tylosin C and tylosin D by the actinomycete Streptomyces fradiae, and it 
is active against most gram-positive bacteria, mycoplasma and certain gram-negative 
bacteria. Tylosin exerts its antimicrobial activity by binding onto the bacterial 50S ribosomal 
subunit, where it prevents protein synthesis by interfering with peptide bond formation as 
well as by blocking the passage of the nascent peptide chain (1). Tylosin has been widely 
used for the treatment of disease and the promotion of growth in modern swine, cattle, and 
poultry production. Actually, tylosin was the most used antibiotic at 31% of swine 
production facilities (2), and it was detected in 14% of 139 streams in United Stated America 
(3). 
Through application of manure with excreted tylosin residues from livestock on 
croplands, tylosin enters the water system as a pollutant in the environment. Since tylosin and 
its related compounds have been shown to have biological activity (4), the fate and impact of 
tylosin in the environment has been recently getting more attention (4, 5, 6, 7, 8, 9). 
Currently, the HPLC methods are the most widely used for detection and separation (10), and 
the ELISA kit is commercially available for analysis of tylosin in various matrices. Use of 
ELISA for detection is convenient, but cross-reactivity information among tylosin-related 
compounds is not available for ELISA to be reliably used.  
It has been shown that tylosin A is converted into different forms in acidic, neutral or 
alkaline conditions (11, 12). Tylosin A is converted into tylosin B in acidic medium, and 
tylosin A aldol was found in neutral and alkaline medium together with some unknown polar 
degradation products. A photoreaction product, isotylosin A, is reported by Paesen et al.(12). 
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In this paper, two photoreaction products were reported for the first time with elucidation of 
their structures; a HPLC method of detecting tylosin-related compounds was developed, and 
comparison of the established HPLC and ELISA methods was conducted by measuring the 
same tylosin water samples from the water dissipation study; cross-reactivity of tylosin-
related compounds was tested, which accounts for the difference of detection of tylosin water 
samples by ELISA and HPLC. 
 
MATERIALS AND METHODS 
Reagents 
Tylosin tartrate (95.0%, CAS NO. 74610-55-2) was purchased from Sigma Chemical 
Co. (St. Louis, Missouri, USA). Acetonitrile, methanol and ammonium acetate were 
purchased from Fisher Scientific (Fair Lawn, New Jersey, USA).  ELISA kits were 
purchased from Immuno-diagnostic reagents (Vista, CA). 
Preparation of water samples and photoreaction-products 
Tylosin 50µg/ml in ultrapure water was maintained at temperature of 25 ± 2 oC under 
exposure of daylight at Ames of Iowa (42.01° N, 93.97° W) between April 15 and October 
15 of 2005. Water samples were collected at days 0, 1, 3, 5, 7, 10, 14, 21 and 30, 60, 180 
post-treatment, and all samples were stored frozen in – 70 oC until analysis. 
 Solid phase extraction (SPE) columns, Oasis Hydrophilic-Lipophilic Balance (HLB) 
cartridges (6cc) (Waters, Milford, MA), were used to enrich tylosin from water. Tylosin A, 
B, C, D and two photoreaction products were purified from concentrated tylosin water 
samples by semi-preparative chromatography with a Waters AtlantisTM dC18 column 
(10×250 mm, 10-µm particle size).  These two photoreaction products were denoted as 
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isotylosin 1 and isotylosin 2 in our previous paper (9). The individual tylosin-related 
compounds with purity more than 98% was used for the cross-reactivity test of ELISA kits, 
and two photo-reaction products were as well used for NMR analysis. 
NMR Spectroscopy 
Commercial standard tylosin A, isotylosin 1 and  isotylosin 2 were dissolved in 
chloroform-D for NMR analysis. All NMR spectra were acquired at 25° C on a Bruker 
Avance II 700 spectrometer equipped with a TCI (1H/13C/15N) cryoprobe with Z-gradient. 1D 
1H, 1D 13C, APT (13), 2D DQF-COSY (14), 2D 1H-13C HSQC (15) and 2D 1H-13C HMBC 
(16) spectra were acquired using standard experimental protocols for the tylosin A sample. 
For isotylosin 1 and isotylosin 2 there was insufficient material to acquire 1D 13C, APT and 
HMBC high quality spectra. Chemical shifts were internally referenced to teramehylsilane 
(TMS). NMR spectra were processed and analyzed using Bruker Topspin 1.6 software. 
HPLC assay 
HLB catridges were used for cleanup of water samples before injection into HPLC 
for detection. A HLB cartridge was conditioned with 5ml acetonitrile, followed by 5ml wash 
solvent of acetonirtrile/distilled water (85:15). The samples were loaded on the conditioned 
cartridge to retain tylosin. Flow rate was maintained at about 2 drops/second. 5ml nanopure 
water was used to rinse the column. The column was dried under vacuum for 2 minutes. 
Analytes were eluted with methanol. 
Analysis of the samples was carried out on a Hewlett-Parkard series 1100 HPLC 
system. Data were collected and analyzed using HP Chemstation system software (REV. 
B.02.01). The separation of tylosin isomers was accomplished using a Waters AtlantisTM 
dC18 column (4.6×250 mm, 5-µm particle size) at room temperature, with a mobile phase 
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consisting of acetonitrile/20mM ammonium acetate (35:65, v/v, pH=6.0), and a flow rate of 
1.0 mL/min. Detection was performed by measuring UV absorbance at a wavelength of 290 
nm.   
ELISA assay 
Immunoassay was conducted as described by the manufacturer’s instruction. In brief, 
25µl of standard or water samples were added to microtiter plate wells coated with anti-
tylosin anibodies. Tylosin-alkaline phosphatase conjuctate (100µl) was added to each well. 
After properly mixed, the microtiter plate was incubated for 40min at room temperature. 
After incubation, the non-bound conjugate was removed by washing with PBS-Tween buffer, 
and then the enzyme substrate, p-nitrophenyl phosphate, was added. The enzyme reaction 
was stopped after 20 min with 50µl of 3 N NaOH each well. Immunoassay was performed 
using a THERMOmax microplate reader with SOFTmax Pro V3.0 software (Molecular 
Devices; Sunnyvale, CA) at 405nm. The measure range of the standard curve is from 1 to 
50ng/ml. All tylosin samples were diluted into this range for detection. 
Immunological cross-reactivity 
Cross-reactivity of the ELISA to tylosin-related compounds was tested. Tylosin-
related compounds were prepared at a concentration of 10μg/L, and they were measured as 
described in the ELISA assay. Cross-reactivity was compared to tylosin A (set as 100%) as a 
function of the % B value (n=3). % B is defined as the absorbance of the sample calculated 
as a percentage of the negative control. 
 
RESULTS AND DISCUSSION 
HPLC method 
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 Separation of tylosin-related compounds were accomplished by reversed-phase 
isocratic HPLC using a acetonitrile: ammonium acetate buffer. A typical HPLC 
chromatogram obtained from the separation of the tylosin-related compounds is shown in 
Figure 1. All tylosin-related compounds were confirmed by HPLC-ESI-MS because of lack 
of standards except tylosin A. Various methods of detecting tylosin has been discussed in a 
review article (10), and here we established a simple isocratic HPLC-UV method  which is 
sensitive, selective and reproducible without using corrosive acid. The method has been 
applied to detect tyosin in soil and pond water samples with additional clean-up procedures 
in our laboratory (9). 
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Figure 1. HPLC-UV chromatogram showing separation of the mixture of tylosin and its 
related compounds.  a.  tylosin B; b. tylosin A (NH4+); c. tylosin C; d. tylosin D; e. tylosin A; 
f. iso tylosin 1; g. iso tylosin 2. 
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 The selectivity was evaluated by comparing the chromatograms of blank water 
samples with spiked water samples. Tylosin A, B, C, D, isotylosin 1 and isotylosin 2 were 
separated with a good resolution in water samples. Extraction recovery and accuracy were 
evaluated by spiked samples at three concentrations in water. The limits of detection (LOD) 
of HPLC were calculated based on a signal-to-noise ratio of 3:1. The results of recovery, 
accuracy and LOD for both HPLC and ELISA methods are shown in Table 1. Detection of 
the ELISA method is more variable although it has higher sensitivity with the recovery with 
a range of 80-102% which is acceptable for both methods. 
 
 
 
Matrix Spiked (µg/ml) 
Detected 
(µg/ml) RSD Recovery (%) LOD (ng/ml) 
0.05 0.045 5.0 89.9 
0.02 0.017 10.6 83.3 HPLC 
0.005 0.0040 9.5 80.1 
1 
 
0.05 0.041 21 82 
0.02 0.016 18 81.6 ELISA 
0.005 0.0051 29 102.2 
0.5 
Table 1.  Mean recovery, accuracy and LOD for tylosin determination in water using 
HPLC and ELISA (n=4) 
 
Structural elucidation 
 These two photo-reaction products were initially detected in our previous tylosin 
water dissipation study (9), through comparison of dissipation profiles in light and in dark. 
The MS spectra of two photo-reaction products and tylosin A were not distinguished, and 
they presented similar characteristic m/z ions on HPLC-ESI-MS (9).  
The 1H and 13C NMR frequencies for spectra of the tylosin A standard were assigned 
in Figure 2 by analysis of 1D 1H, 1D 13C, APT, DQF-COSY and 1H-13C HSQC spectra. The 
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assigned 13C shifts corresponded very closely with those reported by Paesen et al. for tylosin 
A (12). A notable exception was the 13C shift for carbonyl carbon 9. We observed this 
resonance at 174.3 ppm whereas Paesen et al reported 202.7 ppm. Spectra were re-acquired 
on a freshly prepared sample of tylosin A giving identical results. Finally, an HMBC 
spectrum shows a cross peak at proton shift 2.49 ppm (H8) and carbon shift 174.1 ppm 
indicating that the resonance at 174.1 ppm is indeed C9. The 1H and 13C peaks for positions 6 
and 7 were very weak, probably due to conformational motions of the aglycone ring in the 
intermediate exchange regime for these atoms. 
 
Figure 2. 1H-13C HSQC spectrum of tylosin A in CDCl3 at 25° C. Labels S and A denote 
peaks from residual CHCl3 and acetone, respectively. Not shown in this chemical shift range 
is a peak at 1H chemical shift 9.66 ppm and 13C chemical shift 203.4 ppm due to the 
aldehydic group at position 20. Also not shown at this contour level is the weak peak at 1H 
chemical shift 2.06 ppm and 13C chemical shift 31.8 ppm due the methyne group at position 
6.    
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The presence of a single set of peaks in aliphatic region of the 1H and 13C spectra 
indicated that a single geometric isomer was present for carbons C8 to C17 of the aglycone 
ring. Based on the close similarities to shifts reported by Paesen et al for tylosin A we assign 
the conjugated system between C8 and C14 to be in the (E,E) configuration. That is, H10 is 
trans to H11 and H13 is trans to the methyl group on C12. The magnitude of the scalar 
coupling between H10 and H11 (JH10, H11 = 16.3 Hz) is consistent with these atoms being 
trans. 
 
Iso tylosin 1 
Iso tylosin 2 
 Figure 3. Oliphatic region of proton NMR spectra in CDCl3 of tylosin 
standard and isotylosin 1 and 2.     
Complete assignment and structural elucidation of isotylosin 1 and isotylosin 2 was 
not possible due to lack of sufficient pure materials to obtain high quality NMR spectra 
comparable to those obtained for tylosin A. However, some structural conclusions can be 
made.  First, isotylosin 1 and isotylosin 2 have very similar carbon connectivities and 
multiplicities for the aglycone ring as tylosin A, as can be elucidated from DQF-COSY 
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spectra. However, the C9 to C13 conjugated system exists in a distinct configuration in 
isotylosin 1 and isotylosin 2 compared to standard tylosin A as shown by 1H and 13C 
chemical shifts in Figure 3 and Table 2. Scalar coupling constants  between H10 and H11 
measured by DQF-COSY are 16.5 Hz and 18.5 Hz for isotylosin 1 and isotylosin 2, 
respectively, which indicates that the trans configuration for H10 and H11 is maintained in 
both two photoreaction products. The only configuration for isotylosin 1 and isotylosin 2 
consistent with the scalar coupling and chemical shift data is (E,Z) in which H13 and the 
methyl on C12 are cis.  
Table 2. 13C and 1H chemical shift assignments for the aglycone rings of tylosin A, isotylosin 
1 and isotylosin 2.  
 Tylosin A standard Isotylosin 1 Isotylosin 2 
Carbon 13C 1H 13C 1H 13C 1H 
1 174.1 none na none na none
2 39.3 1.97 na 2.24 40.1 2.227
3 45.0 2.56 46.5 3.08 na na
4 41.1 1.71 na 1.34 40.9 1.76
5 81.4 3.68 na 3.95 78.1 3.59
6 31.8 2.06 na na na na
7 32.0 1.68,1.50 na 1.72 35.5 1.73, 1.31
8 39.3 2.50 na 2.77 64.8 none
9 177.1 none na none na none
10 118.3 6.32 126.1 6.29 126.4 6.24
11 148.1 7.32 140.5 7.69 140.3 7.67
12 135.2 none na none 133.0 none
13 142.4 5.91 140.8 6.01 140.6 6.02
14 45.1 2.97 42.1 3.04 42.2 3.04
15 75.2 4.97 75.9 4.93 76.0 4.93
16 25.3 1.88, 1.61 24.9 1.86,1.64 24.5 1.85, 1.64
17 9.9 0.93 9.60 0.93 9.7 0.92
18 9.0 1.00 na na 8.3 0.95
19 43.8 2.88,2.44 na na 40.0 2.48,2.27
20 203.6 9.64 na 9.80, na na 9.81,9.67
21 17.8 1.22 na 1.14 18.0 1.27
22 13.0 1.81 na na 20.5 1.91
23 69.1 4.00, 3.55 69.0 3.93,3.61 69.1 3.93,3.61
None: unprotonated carbons 
NA: unassigned atoms 
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For isotylosin 2 no peak was observed in the 13C spectrum at 200 ppm suggesting that 
C20 is no longer a carbonyl. Yet low-field proton peaks were observed at 9.67 and 9.81 ppm. 
Further, we do not observe a correlation connecting methyl group C21 to the glycone ring 
and can not assign H8 suggesting that C8 is tertiary in isotylosin 2. We suggest that 
isotylosin 2 is a cyclic aldol derivative of tylosin A obtained by reducing aldedydic carbon 
C20 to a hydroxyl with C19, C6, C7, C8 and C20 forming a five membered ring. The two 
signals at 9.67 and 9.81 are due to the two possible epimers of the C20 hydroxyl. The C20 
hydroxyl is apparently engaged in an intramolecular hydrogen bond with carbonyl C9, which 
accounts for the down-field shifts (17).  
In the case of isotylosin 1 only partial assignments could be made because of the 
limited amount of material and the poor quality of the NMR spectra. Furthermore, the 
aglycone ring exhibited slow exchange among multiple conformations, resulting in several 
peaks being divided into weak multiplets, which is shown in Figure 4. However, in contrast 
to isotylosin 2 a COSY connection between C21 and C8 could be identified. As well, a major 
peak was observed at 9.78 ppm plus numerous minor peaks. We suggest that isotylosin 1  has 
a primary alcohol at C20 position on its structure. Such a structure would have increased 
conformational flexibility compared to the cyclic aldol of isotylosin 2, and may be able to 
form intramolecular hydrogen bonds from C20 to both C9 and C1. This would be consistent 
with the multiple conformational forms observed. Based on this structure, we renamed 
isotylosin 1 to isotylosin A alcohol. 
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Isotylosin 1 
Isotylosin 2 
Tylosin A 
 
 
 
 
Figure 4. Iso tylosin 1 and isotylosin 2 are aldol and alcohol derivatives, 
respectively, of tylosin A. 
 
Cross-reactivity and comparison of ELISA and HPLC methods 
Tylosin-related compounds were individually purified by semi-preparative 
chromatography. The purity of each was more than 98.0% after three-times through the 
purification process. The result of the cross-reactivity test is illustrated in Figure 5. All 
tylosin-related compounds tested had cross-reactivity with the main component tylosin A to 
some extent, and tylosin D and isotylosin 1 have a specificity of more than 100%. 
For quantitative analysis of tylosin in water, results obtained by both HPLC and 
ELISA methods were showed in Figure 6.  Agreement between both methods was good 
except the samples on the 24th hour. Differences between HPLC and ELISA detection of 
tylosin were found for those samples after 1 month, which was coincident with appearance of 
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isotylosin 1 in water (9). In cross-reactivity testing, isotylosin 1 showed a specificity of 121% 
compared to 100% of tylosin A, which indicates that the divergence might be caused by 
formation of isotylosin 1.  
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Figure 5. Cross-reactivity of the ELISA to tylosin-related compounds 
 
0
10
20
30
40
50
60
70
80
0 1 3 5 7 10 14 21 30 60 180
Time (days)
Co
nc
en
tr
at
io
ns
 ( μ
g/
m
L)
ELISA
HPLC
 
 
Figure 6 Tylosin dissipation in water  measured by HPLC and ELISA(n=4) 
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CONCLUSION 
Two photo-reaction products both have a (E, Z) configuration at the double-bond 
conjugated site, and isotylosin 1 is isotylosin A alcohol (E, Z) , and isotylosin 2 is isotylosin 
A aldol (E,Z) with two epimers. The possible transformation pathway in water was illustrated 
in Figure 7, which complements the degradation pathway in the environment proposed in a 
previous study (9). Isotylosin A aldol (E, Z) can be transformed from tylosin A or from 
intermediate tylosin A aldol, and isotylosin alcohol (E, Z) can be transformed from tylosin A 
or from tylosin D which is present usually with tylosin A and possible can be biotransformed 
from tylosin A. In our study, no direct evidence was found to support formation of tylosin A 
aldol and tylosin D from tylosin A (9).  
ELISA is a valuable tool in residue analysis and complements conventional analytical 
methods. The ELISA detects not only tylosin A but also other tylosin-related compounds 
including tylosin A, B, C, D, isotylosin A aldol and isotylosin alcohol, indicating that ELISA 
is a good screen tool but should be used cautiously for quantification of tylosin.  
 
 
 
 
 
 
 
 
 
 
 75
 
 
 
 
 
 
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
6
7
4
1112
13
1
2
3
910
14
15
O
O
O
H3C22
16
CH3
17
H3C
18
OH
23 CH3
H3C
1'
2' 3'
4'
5'
6'
1"
2"
3"
4"5"
6"
1'''2'''3'''
4'''
H
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5'''
6'''
OH
20
CH3
Tylosin A aldol 
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
67
4
1112
13
1
2
3
910
14
15
O
O
19
CHO
20
CH3
21
O
H3C22
16
CH3
17
H3C18
OH
23 CH3
H3C
1'
2' 3'
4'
5'
6'
1"
2"
3"
4"5"
6"
1'''2'''3'''
4''' 5'''
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
6
7
4
11
12
13
1
2
3
910
14
15
O
O
O
H3C
22
16
CH3
17
H3C
18
OH
23
CH3
H3C
1'
2' 3'
4'
5'
6'
1"
2"
3"
4"5"
6"
1'''2'''3'''
4''' 5'''
6'''
OH
H
CH3
20
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
67
4
11
12
13
1
2
3
910
14
15
O
O
19
CH2OH
20CH3
21
O
H3C
22
16
CH3
17
H3C
18
OH
23
CH3H3C
1'
2' 3'
4'
5'
6'
1"
2"
3"
4"5"
6"
1'''
2'''3'''
4''' 5'''
6'''
Isotylosin alcohol 
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
6
7
4
11
12
13
1
2
3
910
14
15
O
O
O
H3C
22
16
CH3
17
H3C
18
OH
23
CH3
H3C
HO
H
CH3
+ 
Isotylosin A aldol 
6'''
Tylosin A 
OO
O
OH N
O
CH3
O
HO
CH3
OH
CH3
O
H3C
HO
OCH3
OCH3
8
5
67
4
1112
13
1
2
3
910
14
15
O
O
19
CH2OH
20CH3
21
O
H3C
22
16
CH
17
3
H3C
18
OH
23 CH3H3C
1'
2' 3'
4'
5'
6'
1"
2"
3"
4"5"
6"
1'''
2'''3'''
4''' 5'''
6'''
Tylosin D 
Figure 7 Possible transformation pathway of tylosin in water under light exposure 
Circles indicate the location of modification sites on the molecular structures 
 
 76
ACKNWOLEGEMENTS 
Funding for this work was provided by the Center for Health Effects of 
Environmental Contamination, Iowa City, IA, and by the USDA NRI grant No. 2504. This 
journal paper of the Iowa Agriculture and Home Economics Experiment Station, Ames, 
Iowa, Project No. 5075, was supported by Hatch Act and State of Iowa funds. 
 
LITERATURE CITED: 
(1) Liu M, Douthwaite S. Resistance to the macrolide antibiotic tylosin is conferred by single 
methylations at 23S rRNA nucleotides G748 and A2058 acting in synergy. Proc Natl Acad 
Sci USA. 2002,12;99(23):14658-63. 
(2) Bush EJ and Biehl LG. Use of antibiotics and feed additives by US pork producer. 2001 
Proceedings of U.S. Animal Health Association. 2001. Hershey, PA. 
(3) Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB, Buxton HT. 
2002. Pharmaceuticals, hormones, and other organic wastewater contaminants in U.S. 
streams, 1999-2000: a national reconnaissance. Environ Sci Technol 36(6):1202-1211. 
(4) Teeter JS, Meyerhoff RD. Aerobic degradation of tylosin in cattle, chicken, and swine 
excreta. Environ Res. 2003; 93(1):45-51. 
(5) Loke ML, Ingerslev F, Halling-Sorensen B, Tjornelund J. Stability of Tylosin A in 
manure containing test systems determined by high performance liquid chromatography. 
Chemosphere. 2000; 40(7):759-65. 
(6) Ingerslev F, Torang L, Loke ML, Halling-Sorensen B, Nyholm N. Primary 
biodegradation of veterinary antibiotics in aerobic and anaerobic surface water simulation 
systems. Chemosphere. 2001; 44(4):865-72. 
 
 77
(7) Rabolle M, Spliid NH. Sorption and mobility of metronidazole, olaquindox, 
oxytetracycline and tylosin in soil. Chemosphere. 2000; 40(7):715-22. 
(8) De Liguoro M, Cibin V, Capolongo F, Halling-Sorensen B, Montesissa C. Use of 
oxytetracycline and tylosin in intensive calf farming: evaluation of transfer to manure and 
soil. Chemosphere. 2003; 52(1):203-12. 
(9) Hu D, Coats JR. Aerobic degradation and photodegradation of tylosin in water and soil. 
Environmental Toxicology and Chemistry. 2007, 26(5):884-889 
(10) Kanfer I, Skinner MF, Walker RB. Analysis of macrolide antibiotics. J Chromatogr A. 
1998; 812(1-2):255-86. 
(11) Paesen J, Cypers W, Pauwels K, Roets E, Hoogmartens J. Study of the stability of 
tylosin A in aqueous solutions. J Pharm Biomed Anal. 1995; 13(9):1153-9. 
(12) Paesen J, Cypers W, Busson R, Roets E, Hoogmartens J. 1995. Isolation of 
decomposition products of tylosin using liquid chromatography. J Chromatogr A 699(1-
2):99-106. 
 (13) S. L. Pratt and J. N. Shoolery, “Attached proton test for carbon-13 NMR”, J. Magn. 
Reson. 1982; 46: 535-539. 
(14) B. Ancian, I. Bourgeois, J. F. Dauphin and A. A. Shaw, “Artifact-free absorption PFG-
enhanced DQF-COSY spectra including a gradient pulse in the evolution period”, J. Magn. 
Reson., 1997; 125: 348-354. 
(15) A. L. Davis, J. Keeler, E. D. Laue and D. Moskau, “Experiments for recording pure-
absorption heteronuclear correlation spectra using pulsed field gradients”, J. Magn. Reson., 
1992; 98; 207-216. 
 
 78
(16) A. Bax and M. F. Summers, “1H and 13C assignments from sensitivity-enhanced 
detection of heteronuclear multiple-bond connectivity by 2D multiple quantum NMR”, J. 
Am. Chem. Soc., 1986; 108: 2093-2094. 
(17) J. Reuben, “Intramolecular hydrogen bonding as reflected in the deuterium isotope 
effects on carbon-13 chemical shifts. Correlation with hydrogen bond energies.”, J. Am. 
Chem. Soc., 1986;108:1735-1738. 
 
 79
Mobility of a veterinary antibiotic tylosin in agricultural soil columns 
A paper to be submitted to Journal of Agriculture and Food Chemistry 
Dingfei Hu and Joel Coats 
Pesticide Toxicology Laboratory, Department of Entomology, 
Iowa State University, Ames, IA 50011 
 
Abstract 
 Veterinary medicines, mostly antibiotics, are utilized in large quantities in intensive 
livestock farming. They enter the environment through various routes, and possibly pose risk 
on the ecosystem. In order to assess the mobility of tylosin in soil, a soil column leaching 
study and a simple batch sorption experiment were conducted in the laboratory. Tylosin had 
stong sorption to various soil with sorption distribution coefficients ranging from 42 to 65 
ml/g.  The range of concentration in leachate was detected from 0~ 0.27ppb after 4 rainfall 
events in one month, and it seems that leachbility is dependent on soil properties and manure 
amendment.  Percentage of clay, organic matter, cation exchange capacity, manure 
amendment were positively correlated with sorption, and negatively correlated with mobility 
of tylosin in soil. The majority of tylosin was not recovered in the testing system, indicating 
that tylosin mostly was likely mineralized, or irreversibly bound to solid particles since no 
major degradation products were detected. 
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Introduction 
Veterinary medicines are widely used to promote animal growth and to prevent or 
treat diseases in intensive animal production. These chemicals or their metabolites enter the 
agricultural field through excretes of grazing livestock or through the spreading of manure or 
slurry as fertilizers. It has been shown that veterinary antibiotics may reach surface water and 
groundwater (1, 2, 3). Nowadays, there is a growing concern about the presence and impact 
of these chemicals in the environment (4, 5, 6). These persistent antibiotics may have adverse 
effects on terrestrial and aquatic living organisms, and involve development of antimicrobial 
resistance in the environment.  
Tylosinis is one of these broadly used veterinary antibiotic in modern animal 
production. It is naturally produced as a mixture of tylosin A, tylosin B, tylosin C and tylosin 
D by the actinomycete Streptomyces fradiae, and tylosin A (Figure 1) is the primary 
component in bulk formulation. Understanding the fate of tylosin is crucial for assessment of 
the environmental risk of the antibiotic. Various factors are involved to affect the ultimate 
fate of a chemical, and certainly mobility is an important one. The goal of this study was to 
investigate mobility of tylosin in various soils using laboratorial packed soil columns. 
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Figure 1. Molecular structure of tylosin A 
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Materials and methods 
Chemicals 
Tylosin tartrate (95.0%, CAS NO. 74610-55-2) was purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). Acetonitrile, methanol and ammonium acetate were purchased 
from Fisher Scientific (Fair Lawn, NJ, USA). All reagents used during extraction and 
analysis were analytical reagent grade or better. 
Soils 
Three types of soils (Hanlon, Nicollet-Webster, Canisteo) in Iowa were collected to 
make packed soil columns in the laboratory. The Nicollet-Webster and Canisteo were 
collected from Field 55 and Field 507 at the Iowa State University Agronomy and 
Agricultural Engineering Research Farm and the Hanlon soil was from the Hinds Research 
Centre in Iowa. Soils were passed through a 1.2-mm sieve prior to determination of soil 
characteristics for each soil by Midwest Laboratories, Inc.( Omaha, NE, USA). 
Sorption 
Sorption of tylosin to the three soils and the manure were investigated using a 
modified simple batch experiment (7). In 50-ml centrifuge tubes 5ml of 25 µg/ml tylosin was 
spiked into 5g of soils or manure, and 0.01M CaCl2 solution was added to bring the final 
volume to 25ml. Four replications were used for each sample. All tubes were incubated in 
darkness at 20 ± 2 oC and agitated mechanically for 24 h. After centrifugation at 3000g for 10 
min supernatants were transferred to glass vials for analysis by HPLC. 
The sorption distribution coefficient, Kd, is calculated by the equation expressed as Kd 
= C soil / Caq , where Caq is the tylosin concentration in solution after equilibrium, and C soil is 
the calculated difference based on the spiked concentration and the measured Caq.  
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Experimental design 
Packed soil columns were used for evaluation of mobility of tylosin in soil. The soil 
was stored at 4 oC in polyethylene bags prior to use for less than 3 months. Columns were 
packed to a bulk density of 1.25 g/cm3.  Soil columns consisted of PVC pipe (10-cm diameter 
and 30-cm length) fitted with a nylon mesh on the bottom. Columns were kept in upright 
position at 25oC for a one-week pre-incubation and then a 4-week testing period in an 
environmental chamber. Soil in the columns was saturated with 0.01M CaCl2 solution and 
allowed to drain overnight prior to the experiment. After treatment applied, 3-cm rain events 
occurred weekly for the whole experimental period (4 times). Leachate were collected for 
each rain event in 500mL foil-covered glass bottles.  At the end of the testing, each column 
was equally divided into three sections. Soil from each section was mixed well, and 60g soil 
for each section was extracted for detection.  
There were three treatments for each soil type, including tylosin without manure, 
tylosin with manure, and only manure as control. The later two treatment contained 30 g 
manure which was spiked with tylosin at 50 μg/g, and the manure was incorporated into 
about 2-cm soil surface. Four replications were applied for each treatment. Manure was 
attained from a swine farm feeding antibiotic-free diets, and was also confirmed to contain 
no tylosin using HPLC method. 
Analytical methods 
Leachate and soil samples were analysed for tylosin and its related degradation 
products by a reverse-phase HPLC method previously described [8]. Briefly, analysis of the 
samples was performed using a Hewlett-Packard (Palo Alto, CA, USA) series 1100 HPLC 
system.  A Waters AtlantisTM (Milford, MA, USA)  dC18 column (4.6×250 mm, 5-µm 
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particle size) was used. Detection was conducted at 290nm, with a flow rate of 1.0 ml/min at 
room temperature. The mobile phases consisted of acetonitrile and 20 mM ammonium 
acetate (35:65, v/v, pH=6.0). 
Leachate from four rain events were pooled, and then enriched and cleaned up using 
Oasis hydrophilic-lipophilic balance (HLB) cartridges (6 cc) (Waters, Milford, MA, USA), 
which was previously described (8).  
Soil samples (60g) were extracted with sodium phosphate buffer (pH 3.2; 0.2M) : 
acetonitrile (15:85,v/v) three times. The resulting extracts were pooled and dried under a 
nitrogen flow, and then reconstituted in acetonitrile:distilled water(40:60,v/v) solution. 
Filtered samples were injected for HPLC analysis. In order to prevent photodegradation, all 
samples were analyzed in the dark. 
 
Results and discussion 
A rapid equilibrium for tylosin between soils and the aqueous phase within 24 hours 
have been shown in previous studies (7, 9,10).  Therefore, a 24-h simple batch sorption 
experiment was conducted to measure sorption distribution coefficients, Kd, of tylosin in 
various soils and swine manure, and the result was presented in Table 1. Strong sorption to 
soils was found with Kd values from 24 to 65 ml/g for tylosin in these three types of soils, 
and the Kd in swine manure was at least 4 fold higher than in soils with the value of 285 
ml/g.  
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Table 1. Characteristics of soils used for the sorption study and the soil column study 
Soil 
types 
texture Sand% Silt% Clay% O.M. a % pH C.E.C b 
Meq/100g
Canisteo Clay loam 36 34 30 4.0 6.0 20.1 
Nicollet-
Webster 
Sandy 
loam 
47 36 17 2.6 6.8 14.9 
Hanlon Sand 90 6 4 0.5 8.1 6.9 
a. Organic matter content of soil 
b. Cation exchange capacity 
 
Soil properties such as organic matter, clay, C.E.C. etc have been shown to influence 
the environmental behavior of a chemical (11). In this study, the three soils were selected to 
contain a wide range in composition to represent various soils in reality, and soil properties 
for each soil were listed in the Table 2. The canisteo soil contained highest clay and organic 
matter percentage and C.E.C. among three soils, and the Nicollet-Webster was in the 
between of the Canisteo and the Hanlon soils. This is in agreement with the order of Kd  
values Hanlon<  Nicollet-Webster < Canisteo. 
 
        Table 2 Distribution coefficients, Kd , for 5mg/l solution of tylosin 
Matrix Kd (ml/g) 
Canisteo soil 65 
Nicollet-Webster soil 42 
Hanlon soil 24 
Swine manure 285 
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The final concentration of tylosin in the leachate was illustrated in Figure 2. The 
greatest leachability was seen in Hanlon soil with no manure amendment. The sandy soil 
contained high sand contents (90%) and the least organic matter contents (0.5%), and lowest 
C.E.C. (6.9Meq/100g) among the three soil types. Lower or no tylosin was detected in the 
leachate in other soil columns. Correlation analysis indicate that high percentage of clay and 
organic matter reduced the leachability of tylosin, and manure amendment decreased the 
tylosin leaching through soil columns. In Hanlon and Nicollet-Webster soils amended with 
manure, tylosin concentration in leachate was lower than in those without manure. This 
difference might be explained by higher sorption to manure which is evidenced by higher Kd 
value in manure than in soils. Another possibility is that the swine manure brings more 
biodegrader in the test system. 
 
Figure 2 Leachability of tylosin on soil columns 
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The distribution of recovered tylosin in soil columns was illustrated in Figure 3. Total 
recoveries of tylosin were below 4% of the initial spiked amount. Another study reported 
remarkably different recoveries of 61%~81% when soil column sections were extracted right 
after one time rainfall event (7). In the one-month period of our soil column study, majority 
amount of tylosin might be degraded before soil extraction because our previous study 
showed that the DT 50 in the soil was 7 d (8). Decreased recovery from aged soils could be a 
contribution due to irreversible sorption although the recovery of tylosin is more than 80% at 
the initial time (8).  
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Figure 3. Distribution of recovered tylosin in soil columns 
 
Only scattered samples were found trace level of tylosin B, C, or D in the leachate 
and in the column sections. The results were not presented because these metabolites were 
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too low to be reliably quantified, and interfered by impurities from soils or manure as well. 
The majority of applied tylosin disappeared and no major degradation products were 
detected, which indicates tylosin is likely cleaved and mineralized through biodegradation by 
microbes from manure and soils(9). 
The majority of recovered tylosin in soil columns concentrated in the top section due 
to high sorption to both soil and manure, indicating that tylosin might probably run off away 
from application site in an erosion event. Runoff of tylosin in a Webster clay loam soil and a 
South Dakota Houdek clay loam soil has been reported (10, 12). The later study showed that 
the runoff had up to 23% of applied amount from microplots treated with fresh tylosin-
contained swine manure. Tylosin was reported occurrence in 13.5% of 104 selected United 
States stream sites [13], and erosion and sedimentation may be the major source of tylosin 
detected in the water system since tylosin leaching is proved to be very low. 
In brief, tylosin leaching in soil is low and dependent on soil properties and other 
organic solids such as manure, and runoff may be one important route for tylosin entering the 
water. 
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General conclusion 
 
 
With increasing utilization of various synthetic or natural chemicals, the adverse 
impact of these chemicals and their degradates is of a concern due to their presence in the 
environment. However, for most currently used synthetic chemicals, the fate of their 
degradates are yet to be elucidated. General processes and principles of environmental fate 
were described in Chapter 1. These processes, chemical degradation, biodegradation and 
photodegradation, affect persistence, and other processes, such as binding, plant/animal 
uptake, volatilization, runoff, leaching, all influence the movement of a chemical and its 
degradates in the environment. All processes apply to both parent compounds and their 
following degradates formed in the environment although degradates might not necessarily 
behave in the same way as their parent forms. 
In chapter 2, the fate of two natural monoterpenoid pesticides, thymol and phenethyl 
propionate, was investigated at a concentration of 10µg/g in water and in soil under 
laboratorial conditions, Both thymol and phenethyl propionate degraded rapidly with half-
lives of 4 ~ 16 days. 2-Phenylethanol and 2-(4-hydroxyphenyl) ethanol were detected as 
primary degradation products of phenethyl propionate. Over time, a considerable 
volatilization loss of thymol, but not phenethyl propionate, was found in the one-month study 
under the experimental conditions. The average radioactivity of bound residues remained 
below 6%, and mineralization was less than 3% during the whole experimental period. 
The aerobic degradation and photolysis of tylosin was conducted in water and in soil 
in the Chapter 3. Tylosin A is degraded with a half-life of 200 d in the light in water, and the 
total loss of tylosin A in the dark is 6% of the initial spiked amount during the experimental 
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period. Tylosin C and D are relatively stable except in ultrapure water in the light. Slight 
increases of tylosin B after two months and formation of two photoreaction isomers of 
tylosin A were observed under exposure to light. However, tylosin would probably degrade 
faster if the experimental containers did not prevent UV transmission. In soil tylosin A has a 
dissipation half-life of 7 d, and tylosin D is slightly more stable, with a dissipation half-life of 
8 d in unsterilized and sterilized soil. Sorption and abiotic degradation are the major factors 
influencing the loss of tylosin in the environment, and no biotic degradation was observed at 
the test concentration either in pond water or in an agronomic soil, as determined by 
comparing dissipation profiles in sterilized and unsterilized conditions.  
In the Chapter 4, two photo-reaction products in water were identified as isotylosin A 
alcohol (E,Z) and isotylosin A aldol (E,Z). Tylosin A, B,C, D, isotylosin A alcohol and 
isotylosin A aldol were purified, and cross-reactivity of these tylosin-related compounds was 
tested with a specificity of 26% for tylosin B, 19% for tylosin C, 106% for tylosin D, 121% 
for isotylosin A alcohol and 46% for isotylosin A aldol compared to 100% for tylosin A. 
Competitive direct enzyme-linked immunosorbent assay (ELISA) for tylosin detection in 
water was compared with a high performance liquid chromatography (HPLC) method by 
measuring the same water samples of tylosin from a water dissipation study. ELISA kits 
detect the other tylosin-related compounds besides tylosin A, which results in difference of 
tylosin determination in water.   
In order to assess the mobility of tylosin in soil, a soil column leaching study and a simple 
batch sorption experiment were conducted in the Chapter 5. Tylosin has strong sorption to 
various soil with sorption distribution coefficients ranging from 42 to 65 ml/g. Tylosin with 
or without swine manure was applied on the columns to investigate its mobility in various 
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soils. The results indicated that high percentage of clay, organic matter, cation exchange 
capacity, manure amendment decreased the mobility of tylosin. The range of concentration in 
leachate was detected from 0~ 0.27ppb after 4 rainfall events in one month, and it seems that 
leachbility is dependent on soil properties and manure amendment. Percentage of clay, 
organic matter, cation exchange capacity, manure amendment were positively correlated with 
sorption, and negatively correlated with mobility of tylosin in soil. The majority of tylosin 
was not recovered in the testing system, indicating that tylosin mostly was likely mineralized, 
or irreversibly bound to solid particles since no major degradation products were detected. 
 Based on the study results and literature reports, all three chemicals-thymol, 
phenethyl propionate, and tylosin in the environment degrade rapidly to very low level which 
might not pose acute toxicity to living organisms in the ecosystem. However, impact of low-
level chemicals on the microbial community is not yet fully investigated and understood. The 
impacts might include disturbance of soil respiration(1), soil enzyme activity (2,3), soil 
microbial communities (4,5), and soil nitrogen cycling (6,7), and analysis of effects on 
microbial communities has been investigating at molecular genetic level(9,10,11). Recently, 
is showed that bound antibiotic residues such as tylosin bound residues still can execute 
biological activities through unclear mechanism(12), which puts pressure on selection of 
antibiotic resistance bacteria in the terrestrial environment. Impact of low-level or bound 
residues of chemicals on the ecosystem especially on the microbial community should be a 
critical part of a complete risk assessment to insure their safety to the environment and 
human. 
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